We characterized samples cut from different locations in as-grown CdZnTe (CZT) ingots, using Automated Infrared (IR) Transmission Microscopy and White Beam X-ray Diffraction Topography (WBXDT), to locate and identify the extended defects in them. Our goal was to define the distribution of these defects throughout the entire ingot and their effects on detectors' performance as revealed by the pulse-height spectrum. We found the highest-and the lowest-concentration of Te inclusions, respectively, in the head and middle part of the ingot, which could serve as guidance in selecting samples.
Northwestern Polytechnical University (NWPU) in China. Recently, Brookhaven National Laboratory (BNL) began to test their CZT ingots and crystals. In this study, we characterized several samples from NWPU, and others grown at BNL;
we reported our findings to vendors so to help guide their growth processes. For the present experiments, we cut all the samples we used from different locations in each as-grown ingot to yield data on the size, distribution, and type of the extended defects, viz., Te inclusions, twins, and sub-grain boundaries. We located and identified them via White Beam X-ray Diffraction Topography (WBXDT), available at BNL's National Synchrotron Light Source (NSLS), and Infrared (IR) Transmission Microscopy. Our goal is to measure the concentration distribution of Te inclusions throughout the entire as-grown ingot. After making gold contacts on both surfaces of the samples and measuring the leakage current, we fabricated detectors and obtained energy spectra to assess their charge-transport properties, and to elucidate the role of the extended defects on these properties.
Experiments
We selected six samples (so-called CZT1-CZT6) from an In-doped CZT ingot grown by the Vertical Bridgeman (VB) method at NWPU. We cut the crystals, 10 x 10 x 2 mm 3 , from different locations, extending from the head to the tail of the ingot, as shown in Fig. 1(b) ; CZT1 was taken from the head part, CZT2-CZT3 from the tail, and CZT4-CZT6 from the middle. To assure all the samples were single crystals, we cut them from single crystal grains, as shown in Fig. 1(a) .
All the samples and wafers were polished and etched to attain smooth surfaces. The system that we used comprises a light source coupled with an optical fiber, a wide-beam condenser for illuminating the samples, a motorized X-Y-Z translation stage with a simple sample holder, a large field-of-view (FOV) microscope objective, and a CCD camera connected to the computer, as shown in Fig. 2(a) . The CCD camera has a 7.8 x 10.6 mm 2 sensor area consisting of 2208 x 3000 pixels, with each pixel size of 3.5 x 3.5 μm
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. Motors following commands from a computer's user interface automatically drive the translation stage, operating freely in three directions. Hence, we can obtain one-, two-, or three-dimensional raster scans of a CZT crystal. At each XY position, the imaging setup allowed us to acquire stacks of images in the Z direction, each focused on different depths in the crystal, extending from one surface to the other. Moving the translation stage to different positions in the X-Y plane, we selected several points for each sample and repeated the image-taking process. All the images were analyzed with a special algorithm written in the Interactive Data Language (IDL) programming environment, which is especially well suited for manipulating and processing images. Earlier, our group described how to read data and find inclusions using this IDL program [9] . Extended defects inside CZT crystals, such as dislocations and low-angle sub-grain boundaries, are apparent with the IR transmission microscopy system only when Te inclusions decorate them; otherwise, they are not readily visible with the IR images [11] . Hence, we used the set-up for White Beam X-ray Diffraction Topography (WBXDT) at beamline X19C ( Fig. 2(b) ) at BNL's National Synchrotron Light Source (NSLS). WBXDT is a non-destructive tool that reveals those features, especially dislocation-related extended defects. Crystals were scanned across the 22 x 0.2 mm 2 X-ray white beam with an energy scale of 4 keV-25 keV, and information was recorded on a 20 x 25 cm 2 X-ray film with a resolution of few micrometers. Diffraction is not a point probe; it displays limited sensitivity to weak distortions, as, in our case, a single defect in the bulk CZT crystal [12] . However, the measurement can be completed in a few seconds. Hence, we can screen batches of CZT crystals very quickly. Therefore, we employed this topographical approach to ensure that the CZT samples all were single crystals, and to establish the degree of perfection of the crystalline quality.
After configuring the crystals as planar detectors, their resistivity was measured by taking an I-V curve. We placed the crystals inside a standard eV Products device holder, connected to a box containing an eV-5092 charge-sensitive preamplifier. Holding the cathode at zero potential, we applied a positive voltage to the anode via a pogo-pin connector.
The detectors were irradiated with gamma rays from an Am-241 source located next to the cathode. We applied 100~200
V biases to achieve optimal performance. The data-acquisition system included a spectroscopy amplifier, a MCA card, and standard NIM electronics.
Results and Discussion
After analyzing all the IR images of NWPU samples with the IDL program, we obtained the combined image, 3D image, and the size distribution of Te inclusions for each point. Fig. 3(a) is a typical example of a combined image after background subtraction, consisting of a stack of images along the depth projected on one particular plane. Fig. 3(b) plots a typical size distribution of Te inclusions; they were mainly distributed within the size range of 1-10 μm, and the biggest ones were ~20 μm. We evaluated the total concentration of Te inclusions by integrating all the concentrations for each size. For our samples, the values were between 1.0 x 10 5 and 8.0 x 10 5 cm -3 , depending largely on the positions at which the samples occurred in the as-grown ingot. Fig. 3(c) is a 3D image for this typical point, from a section of a 2mm-thick CZT sample of 1.1 x 1.5 mm 2 dimensions. Similar to the combined image, the 3D image also consists of a stack of images along the depth projected on one plane. In addition, we took two large CZT wafers, with dimensions of 20 x 50 mm 2 and 20 x 40 mm 2 , from two ingots grown by the VB method at BNL. We analyzed three lines located in the head, middle, and tail parts of the ingot (Fig. 4(a) ) point by point. We selected points from single crystal grains to avoid interior grain boundaries. These two big wafers cover a wider area and contain much more information than the NWPU samples; thus, they offered us much assistance in determining the concentration distribution in the entire ingot. Overall, BNL wafers contained about 10inclusions, similar to that of the NWPU samples. We found the highest and the lowest concentration of Te inclusions, respectively, in the head and middle part of these samples, as shown in Fig. 4(b) , confirming our previous results. We believe that these findings can serve as a primary reference while selecting samples from a big CZT ingot. Concentration distribution throughout the entire ingot for both BNL and NWPU ingots.
After making contacts for both surfaces of all the NWPU samples, we measured the resistivity from the I-V curve, as shown in Fig. 5 , all of which were very linear at the voltage range of -2~5 V. The highest leakage current comes from the head part of an ingot with the lowest from the middle. We ordered the samples in terms of decreasing leakage current:
CZT1, CZT2, CZT3, CZT5, CZT4, and CZT6. This ranking is almost the same as that for the concentration of Te inclusions. Thus, a higher concentration of Te inclusions corresponds to higher leakage current, probably due to the narrow band gap of Te (~ 0.3 eV), leading to high electrical conductivity that entails a higher leakage current [13] . The pulse-height spectra for all the detectors were measured using an Am-241 source. For a particular part of the ingot, the spectra were very similar under the same parameters, no matter which sample, or voltage. Therefore, we selected a typical example for each part, from head to tail, for further analysis (Fig. 6) . In comparing the spectra, those from samples taken at the middle of the ingot were better, while those from the head were worse, consistent with the results from comparing the concentration distribution of Te inclusions and that of leakage current in the whole ingot. That is to say, crystals with a high concentration of Te inclusions result in higher leakage current and poorer detector performance since accumulated charge-loss around trapping centers associated with Te inclusions distort the internal electric field, affect the carrier transport properties inside the crystal, and finally degrade the detectors' performance. Hence, Te inclusions located in the IR images can be correlated with the deterioration of the spectroscopic response of detectors [13] . Accordingly, their concentration within a CZT crystal helps to characterize the quality of the material. Fig. 6 . Typical spectra for samples from the head, middle, and tail part of a CZT ingot from NWPU: Spectra from samples taken at the middle of the ingot were better than those from the ingot's head.
An exception was found during the spectral measurements: There was no signal from CZT6, which is atypical, based on these conclusions. That detector contained the lowest concentration of Te inclusions, with the lowest leakage current, and supposedly should generate the best spectrum. Since the IR images show Te inclusions and some extended defects only when they are decorated with Te inclusions, we considered that other extended defects might be responsible for the poor performance of the CZT6 detector. This conjecture later was confirmed by the results of WBXDT images (Fig. 7) . It showed large cracks in the material, with part of the material missing on the edge, and multiple dislocation lines almost everywhere, which denoted dislocation walls winding inside the crystal. Such extended defects, reflected by WBXDT, are known to severely lower a detector's performance because they trap many electrons, leading to lesser signal, or even none for the pulse-height spectrum [14] . Finally, we can fully correlate the detectors' performance with the extended defects information from both IR-and WBXDT-measurements.
